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Introduction

One way to look at the complexity of the aging process, in which 
a limited number of evolutionarily conserved nutrient- and 
energy-sensing signaling pathways (hereafter often called “mas-
ter regulators”) orchestrate a plethora of cellular processes in 
space and time (for a review, see refs. 1–4), is to consider each of 
these numerous processes as a functional module integrated with 
other modules into a biomolecular network.5-8 In this conceptual 
framework, (1) a synergistic action of individual modules com-
prising the network could define longevity by establishing the 
rate of cellular and organismal aging and (2) the relative impact 
of each module on the rate of aging in a particular organism or 
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cell type could differ at various stages of its lifetime and could 
also vary in different organisms and cell types.5-10 Initially devel-
oped for theoretical modeling of the complexity of the senescence 
process in mammalian organisms,11 a network biology approach 
has been intensively used in recent years for reconstructing bio-
molecular networks of longevity and aging on the cellular and 
organismal levels. Numerous models of such networks have been 
proposed based on system biological and computational analy-
ses of protein-protein interactions, age-related changes in gene 
expression or longevity-defining metabolic alterations.4,10,12-20

Here we extend the network theory of aging by proposing that 
a biomolecular longevity network could progress through a series 
of checkpoints. At each of these checkpoints, a distinct set of 
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regulator of the longevity control system. In C. elegans, UBL-5/
DVE-1, DAF-16 and PHA-4 may function as the checkpoint-
specific master regulators of longevity by governing progression 
through the three consecutive checkpoints operating during lar-
val development and early adulthood.25-28

It seems that some general aspects of the hypothesis proposed 
here of the longevity control system progressing through a series 
of checkpoints could be applicable to laboratory mice and rats. 
In fact, although a CR diet considerably extends lifespan in these 
organisms, even if it is implemented at the age at which skeletal 
development is complete, the maximal benefit of this low-calorie 
diet for longevity can be achieved only if CR is initiated during 
the rapid growth period.29-31 These findings suggest that labora-
tory mice and rats (1) could employ a CR-dependent longevity 
control system that, by monitoring some key, longevity-defining 
cellular processes, can establish a particular rate of cellular and 
organismal aging and (2) could have at least two checkpoints, 
one in early adulthood and another in late adulthood, at which 
the proposed CR-dependent longevity control system senses 
the rate and/or efficiency of the critical cellular processes that 
define longevity. It is conceivable therefore that the proposed 
CR-dependent longevity control system in laboratory mice and 
rats can extend longevity even if the rate and efficiency of the 
critical, CR-modulated cellular processes are appropriate only at 
the late-adulthood checkpoint, but not as markedly as if they are 
suitable already at the checkpoint in early adulthood.

According to the hypothesis proposed here for a stepwise 
development of a longevity network configuration at a series 
of checkpoints, a pharmacological anti-aging intervention may 
modulate the key longevity-defining cellular processes that are 
monitored at a particular checkpoint by a master regulator of 
the longevity control system. Several anti-aging compounds 
are currently known for their ability to extend longevity across 
phyla and improve health by beneficially influencing age-related 
pathologies (for a comprehensive list of such compounds and 
mechanisms underlying their longevity-extending effects, see 
Table S1 in ref.  33).2,32-34 Only one of these anti-aging com-
pounds, a macrocyclic lactone rapamycin synthesized by soil 
bacteria to inhibit growth of fungal competitors within an eco-
system,35 has been examined for its effects on lifespan and health-
span if implemented at different ages of an organism. If fed to 
genetically heterogeneous mice beginning at 270 d or 600 d of 
age, this specific inhibitor of the nutrient-sensory protein kinase 
mTORC1 (mammalian target of rapamycin complex 1) has been 
shown to be equally efficient in extending lifespan and benefi-
cially influencing age-related pathologies.32,36-39 Our recent stud-
ies provided evidence that (1) LCA, a bile acid, extends longevity 
of chronologically aging yeast if added to growth medium at the 
time of cell inoculation;33 and (2) longevity in chronologically 
aging yeast is programmed by the level of metabolic capacity and 
organelle organization that they developed in a diet-specific fash-
ion before entering a quiescent state and, thus, that chronological 
aging in yeast is likely to be the final step of a developmental pro-
gram progressing through at least one checkpoint prior to entry 
into quiescence.10 We therefore sought to investigate how LCA 
influences longevity and a compendium of longevity-defining 

master regulators senses the functional states of critical modules 
comprising the network. Based on this information and consid-
ering the input of some environmental cues (such as caloric and 
dietary intake, environmental stresses, endocrine factors, etc.), 
master regulators modulate certain processes within monitored 
modules in order to limit the age-related accumulation of molec-
ular and cellular damage. The resulting changes in the dynamics 
of individual modules comprising the network and in its general 
configuration are critically important for defining longevity by 
establishing the rate of cellular and organismal aging.

A confirmation of this concept for a stepwise development of 
a longevity network configuration at a series of checkpoints, each 
being monitored by a limited set of checkpoint-specific master 
regulators, comes from studies that revealed distinctive timing 
requirements for modulating the pace of organismal aging in 
the nematode Caenorhabditis elegans. It seems that this organ-
ism employs at least three independent regulatory systems that, 
by monitoring a particular cellular process or processes during a 
specific stage of life, use this information to establish the rate of 
cellular and organismal aging. The first of these three regulatory 
systems influences lifespan by operating only during larval devel-
opment.21,22 By monitoring mitochondrial respiration, electro-
chemical membrane potential and ATP production early in life, 
during the L3/L4 larval stage, it establishes the rate of aging that 
persists during adulthood.21,22 Mechanisms underlying the essen-
tial role of this first regulatory system in defining longevity of C. 
elegans may involve (1) a remodeling of mitochondria-confined 
ATP production pathways during larval development, which 
may establish a specific configuration of the longevity-defining 
metabolic network in a cell-autonomous manner;23,24 and (2) a 
retrograde signaling pathway that, in response to mild mito-
chondrial impairment and stress during the L3/L4 larval stage, 
activates UBL-5 (ubiquitin-like protein 5)/DVE-1 (defective 
proventriculus protein 1)-driven expression of the mitochondria-
specific unfolded protein response (UPRmt) genes in the nucleus, 
thereby stimulating synthesis of a subset of UPRmt proteins that 
can extend longevity, not only cell-autonomously, but also in 
a cell-non-autonomous fashion.25 The second regulatory sys-
tem operates exclusively during adulthood, mainly during early 
adulthood, to influence the lifespan of C. elegans via the insulin/
IGF-1 (insulin-like growth factor 1) longevity signaling pathway 
and the transcription factor DAF-16 (dauer formation protein 
16).26,27 Noteworthy, the magnitude of the effect of this second 
regulatory system on lifespan declines with age, becoming insig-
nificant after several days of adulthood.26 The third regulatory 
system influences the lifespan of C. elegans in a diet-restriction-
specific fashion by operating exclusively during adulthood.28 This 
system regulates longevity via the transcription factor PHA-4 
(pharynx development protein 4) only in response to reduced 
food intake. Importantly, the PHA-4-mediated regulatory sys-
tem operates independently of the other two regulatory systems 
modulating the rate of aging in C. elegans.28 In our hypothesis for 
a stepwise development of a longevity network configuration at a 
series of checkpoints, a genetic, dietary or pharmacological anti-
aging intervention may modulate the key cellular process or pro-
cesses that are monitored at a particular checkpoint by a master 
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(Figs. 2 and 3). Thus, unlike a substantial beneficial effect of 
LCA on yeast longevity seen if it was added in early ST phase 
under CR conditions, this bile acid was unable to extend longev-
ity of chronologically aging yeast under non-CR conditions if 
added in the same phase.

There are several ways through which LCA could differ-
entially influence longevity if added to CR yeast at different 
periods of their lifespan. Aging of multicellular and unicellu-
lar eukaryotic organisms affects numerous longevity-defining 
processes within cells.1-4,34,40 It is conceivable, therefore, that the 
observed ability of LCA to extend longevity of chronologically 
aging yeast under CR conditions only if added at period 1 or 3 of 
their lifespan (Figs. 1 and 3) could be due to its differential and, 
perhaps, enduring effects on certain longevity-extending and 
longevity-shortening processes controlled at different lifespan 
periods. One could envisage several ways through which LCA 
can differentially influence these longevity-defining processes 
following its addition at different periods of yeast chronological 
lifespan (Fig. 4). For example, LCA could activate a longevity-
extending process (or several processes) controlled at certain 
checkpoints that may exist in L/D and early ST growth phases 
(periods 1 and 3, respectively), without influencing longevity-
shortening processes at these envisioned lifespan checkpoints or 
having an effect on any longevity-defining processes during peri-
ods 2 and 4 in PD and late ST phases (Fig. 4; see the first way). 
Alternatively, LCA could inhibit a longevity-shortening process 
(or several processes) controlled at certain checkpoints that may 
exist in L/D and early ST phases (periods 1 and 3, respectively), 
without influencing longevity-extending processes at these envi-
sioned lifespan checkpoints or having an effect on any longevity-
defining processes during periods 2 and 4 in PD and late ST 
phases (Fig. 4; see the second way). Moreover, the observed abil-
ity of LCA to extend longevity of chronologically aging yeast 
under CR conditions only if added at periods 1 and 3 of their 
lifespan could be also due to various combinations of the first 
and the second ways outlined above (Fig. 4; see other ways). We 
therefore sought to examine how the addition of LCA at different 
periods of chronological lifespan in yeast cultured under CR con-
ditions influences longevity-extending and longevity-shortening 
processes controlled during each of these periods.

LCA makes yeast cells resistant to mitochondria-controlled 
apoptotic death, a longevity-shortening process, only if added 
at period 1, 2 or 3 of their chronological lifespan. A short-term 
exposure of yeast to hydrogen peroxide, acetic acid, hyperosmotic 
stress, α pheromone or several other exogenous agents causes 
apoptotic cell death that has been linked to mitochondrial frag-
mentation, mitochondrial outer membrane permeabilization and 
the release of several intermembrane space proteins from mito-
chondria.41-44 The exit of Aif1p (apoptosis inducing factor 1) and 
Nuc1p (endonuclease G) from yeast mitochondria and their sub-
sequent import into the nucleus trigger such exogenously induced 
apoptosis by promoting DNA cleavage.45,46 Another intermem-
brane space protein that is released from yeast mitochondria dur-
ing exogenously induced apoptosis is cytochrome c.42,47,48 Akin 
to its essential role in triggering the apoptotic caspase cascade 
in mammalian cells,49 cytochrome c in the cytosol of yeast cells 

cellular processes in chronologically aging yeast if added to 
growth medium at different periods of lifespan. We found that 
LCA can extend longevity of CR yeast only if added at either 
of two critical lifespan periods. One of them includes logarith-
mic and diauxic growth phases, whereas the other period exists 
in early stationary phase. Our analysis of how the addition of 
LCA to CR yeast at different periods of chronological lifespan 
influences several longevity-extending and longevity-shortening 
processes suggests a mechanism that may link the ability of LCA 
to increase the lifespan of CR yeast only if added at either of the 
two critical periods to its differential effects on a set of longevity-
defining processes monitored in this study. In our model for this 
mechanism, LCA controls these longevity-defining processes at 
three checkpoints that exist in logarithmic/diauxic, post-diauxic 
and early stationary phases. Based on these findings, we propose 
a hypothesis on a stepwise progression of a biomolecular longev-
ity network through a series of checkpoints, at each of which 
(1) some genetic, dietary and pharmacological anti-aging inter-
ventions modulate certain longevity-defining processes within 
modules comprising the longevity network, and (2) some check-
point-specific master regulators monitor and govern the func-
tional states of these critical network modules.

Results

LCA increases the chronological lifespan of yeast cultured 
under CR or non-CR conditions only if added at certain critical 
periods. We sought to examine if the addition of LCA to chrono-
logically aging yeast at different periods of lifespan has an effect 
on the longevity-extending efficacy of this bile acid. Yeasts were 
cultured in YP medium under CR conditions on 0.2% glucose or 
under non-CR conditions on 2% glucose, and LCA was added 
to a cell culture immediately following cell inoculation into the 
medium (on day 0) or on day 1, 2, 3, 5, 7, 9, 11 or 14 of cell cultur-
ing in this medium. LCA was used at the final concentration of 50 
μM, at which this natural anti-aging compound has been shown 
to exhibit the greatest beneficial effect on longevity of chronologi-
cally aging yeast under both CR and non-CR conditions.33

We found that in yeast cultured under CR conditions on 
0.2% glucose, there are two critical periods when the addition of 
LCA to growth medium can increase both their mean and maxi-
mum chronological lifespans (Figs. 1 and 3). One of these two 
critical periods, which we term period 1, includes L (logarithmic) 
and D (diauxic) growth phases. The other critical period, which 
is called period 3, exists in early ST (stationary) phase. In con-
trast, LCA did not cause a significant extension of the mean or 
maximum chronological lifespan of CR yeast if it was added at 
period 2 or 4 that exists in PD (post-diauxic) or late ST phase, 
respectively (Figs. 1 and 3).

We also found that in yeast cultivated under non-CR condi-
tions on 2% glucose, there is only one critical period during L 
and D phases when the addition of LCA to growth medium can 
increase both their mean and maximum chronological lifespans 
(Figs. 2 and 3). However, if LCA was added to non-CR yeast 
at any time-point after this critical period ended, it did not sig-
nificantly alter their mean or maximum chronological lifespan 
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longevity of chronologically aging yeast; (2) delay age-related 
apoptotic death controlled by mitochondria and (3) reduce the 
susceptibility of yeast to cell death triggered by a short-term expo-
sure to exogenous hydrogen peroxide and known to be caused by 
mitochondria-controlled apoptosis.10,33,41,43,45,46,53-62

Taken together, these findings strongly support the notion 
that mitochondria-controlled apoptotic death plays an essential 
role in regulating longevity of chronologically aging yeast. This 
form of longevity-defining cell death can be triggered by a brief 
exposure of yeast to exogenous hydrogen peroxide.10,33,41,43,62 We 

activates the metacaspase Yca1p.42,50-52 Importantly, chronologi-
cally aging yeast die in an Aif1p-, Nuc1p- and Yca1p-dependent 
fashion, exhibiting characteristic markers of apoptosis such as 
chromatin condensation, nuclear fragmentation, DNA cleavage, 
phosphatidylserine externalization, ROS (reactive oxygen species) 
production and caspase activation.45,46,53-56 Thus, the chronologi-
cal aging of yeast is linked to an apoptosis-like, mitochondria-
controlled programmed cell death.57-61 It should be emphasized 
that mutations eliminating pro-apoptotic proteins as well as such 
potent anti-aging interventions as a CR diet and LCA (1) extend 

Figure 1. In yeast cultured under CR conditions on 0.2% glucose, there are two critical periods when the addition of LCA to growth medium can ex-
tend longevity. Wild-type yeast cells were cultured in YP medium initially containing 0.2% glucose, and LCA was added at the final concentration of 50 
μM to a cell culture immediately following cell inoculation into the medium (on day 0) or on day 1, 2, 3, 5, 7, 9, 11 or 14 of cell culturing in this medium. 
The final concentration of DMSO in yeast cultures supplemented with LCA (and in the corresponding control cultures supplemented with compound 
vehicle) was 1% (v/v). Chronological lifespan analysis was performed as described in “Materials and Methods.” Data are presented as mean ± SEM (n = 
8–12). Abbreviations, D, diauxic; L, logarithmic; PD, post-diauxic; ST, stationary phase.
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In contrast, if added to growth medium on day 14, LCA does 
not alter the susceptibility of CR yeast to this form of apoptotic 
cell death for the remainder of the lifespan (Fig. 5). Thus, LCA 
makes yeast cells resistant to mitochondria-controlled apoptotic 
death, a longevity-shortening process, only if added at period 1, 
2 or 3 of chronological lifespan. This effect of LCA persists long 
after each of these lifespan periods ended.

LCA differentially influences the susceptibility of chrono-
logically aging yeast to palmitoleic acid-induced necrotic cell 
death, a longevity-shortening process, if added at different 
periods of their lifespan. In our recently proposed model for a 

therefore examined how the addition of LCA at different peri-
ods of chronological lifespan influences a longevity-shortening 
process of mitochondria-controlled apoptotic cell death in yeast 
cultured under CR on 0.2% glucose. We monitored the suscep-
tibility of yeast to cell death triggered by a short-term (for 2 h) 
exposure to exogenous hydrogen peroxide known to cause mito-
chondria-controlled apoptosis. We found that if added to growth 
medium on day 0, 1, 2, 3, 5, 7, 9 or 11, LCA reduces the sus-
ceptibility of CR yeast to apoptosis induced by a brief exposure 
to exogenous hydrogen peroxide following LCA addition; this 
effect of LCA persists through the rest of the lifespan (Fig. 5). 

Figure 2. In yeast cultured under non-CR conditions on 2% glucose, there is only one critical period when the addition of LCA to growth medium can 
extend longevity. Wild-type yeast cells were cultured in YP medium initially containing 2% glucose, and LCA was added at the final concentration of 50 
μM to a cell culture immediately following cell inoculation into the medium (on day 0) or on day 1, 2, 3, 5, 7, 9, 11 or 14 of cell culturing in this medium. 
The final concentration of DMSO in yeast cultures supplemented with LCA (and in the corresponding control cultures supplemented with compound ve-
hicle) was 1% (v/v). Chronological lifespan analysis was performed as described in “Materials and Methods.” Data are presented as mean ± SEM (n = 6–7).
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mechanism linking yeast longevity and lipid dynamics in the 
endoplasmic reticulum, lipid bodies and peroxisomes, a remodel-
ing of lipid metabolism in chronologically aging non-CR yeast 
shortens their lifespan by causing premature death in part due 
to necrotic cell death triggered by the accumulation of free fatty 
acids.10,33,63-65 Importantly, both CR and LCA not only extend 
longevity of chronologically aging yeast but also reduce their sus-
ceptibility to a form of necrotic cell death triggered by a short-
term exposure to exogenous palmitoleic fatty acid.10,33,63-65 These 
findings imply that palmitoleic acid-induced necrotic cell death 
plays an essential role in regulating longevity of chronologically 
aging yeast. We therefore assessed how the addition of LCA at 
different periods of chronological lifespan influences a longevity-
shortening process of necrotic cell death in yeast cultured under 
CR on 0.2% glucose. We examined the susceptibility of yeast to 
cell death triggered by a short-term (for 2 h) exposure to exoge-
nous palmitoleic acid. We found that if added to growth medium 
on day 0, 1 or 2, LCA reduces the susceptibility of CR yeast to 
necrosis induced by a brief exposure to palmitoleic acid following 
LCA addition; this effect of LCA persists through the remainder 
of the lifespan (Fig. 6). In contrast, LCA either does not influ-
ence (if added on day 3, 9, 11 or 14) or increases for the rest of the 
lifespan (if added on day 5 or 7) the susceptibility of CR yeast to 
this form of necrotic cell death (Fig. 6).

Thus, LCA makes yeast cells resistant to palmitoleic acid-
induced necrotic death, a longevity-shortening process, only if 
added at period 1, which includes L and D growth phases; this 
effect of LCA persists long after the end of period 1. It is conceiv-
able that the observed inability of LCA to extend yeast longevity 
if added at period 2 of chronological lifespan (Figs. 1 and 3) 
could be due to the observed stimulating lifelong effect of LCA 
on a palmitoleic acid-induced form of necrotic cell death if added 
at this period in PD phase (Fig. 6). Furthermore, despite that  
LCA extends longevity of chronologically aging yeast if added 
at period 3, it does not affect their susceptibility to necrotic cell 
death if added at this period in early ST phase (Fig. 6). Moreover, 
the observed lack of an effect of LCA on yeast longevity if added 
at period 4 of chronological lifespan (Figs. 1, 3 and 4) coincides 
with its inability to alter cell susceptibility to necrotic cell death 
if added at this period in late ST phase (Fig. 6).

LCA differentially influences a longevity-extending process 
of the maintenance of nuclear and mitochondrial genomes if 
added at different periods of yeast’s chronological lifespan. 
A body of evidence supports the view that the maintenance of 
nDNA (nuclear DNA) and mtDNA (mitochondrial DNA) 
integrity is an essential longevity-extending process in evolution-
arily distant organisms, including yeast.10,33,40,66-68 We therefore 
examined how the addition of LCA to yeast cultured under CR 
on 0.2% glucose at different periods of chronological lifespan 
influences (1) the frequency of spontaneous point mutations in 
the CAN1 gene of nDNA, (2) the frequencies of spontaneous 
single-gene (mit- and syn-) and deletion (rho- and rhoo) mutations 
in mtDNA, all causing a deficiency in mitochondrial respira-
tion and impairing growth on glycerol and (3) the frequencies of 
spontaneous point mutations in the rib2 and rib3 loci of mtDNA.

Figure 3. In yeast cultured under CR conditions on 0.2% glucose, there 
are two critical periods when the addition of LCA to growth medium 
can extend longevity. In yeast cultivated under non-CR conditions on 
2% glucose, there is only one such a period. The mean (A) and maxi-
mum (B) chronological lifespans of different wild-type yeast cultures 
are shown. Wild-type yeast cells were cultured under CR or non-CR 
conditions and LCA was added as described in the legends for Figures 1 
and 2, respectively. Chronological lifespan analysis was performed as 
described in “Materials and Methods.” Data are presented as mean ± 
SEM [n = 8–12 for (A); n = 6–7 for (B)]; *p < 0.05 (relative to the mean or 
maximum chronological lifespan of yeast not exposed to LCA).
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(rho- and rhoo) mutations in mtDNA, all causing a deficiency 
in mitochondrial respiration and impairing growth on glycerol 
(Fig. 8), and (2) the frequencies of spontaneous point mutations 
in the rib2 and rib3 loci of mtDNA (Fig. 9). In contrast, if added 
to growth medium on day 14, LCA does not affect the frequen-
cies of these spontaneous mutations in mtDNA (Figs. 8 and 9). 
Thus, LCA stimulates the maintenance of mtDNA integrity, an 
essential longevity-extending process, only if added at period 1, 2 
or 3 that exists in L/D, PD or early ST phase (respectively); this 
effect of LCA persists long after the end of each of these lifespan 
periods. Moreover, the observed lack of an effect of LCA on yeast 
longevity if added at period 4 of chronological lifespan (Figs. 1, 3 
and 4) coincides with the inability of this compound to alter the 
efficacy of the maintenance of mtDNA integrity if added at this 
period in late ST phase (Figs. 8 and 9).

LCA differentially influences a longevity-extending process 
of the development of resistance to chronic stresses if added at 
different periods of yeast’s chronological lifespan. It is well estab-
lished that the development of resistance to chronic (long-term) 
oxidative, thermal and osmotic stresses is an essential longevity-
extending process in evolutionarily distant organisms, including 
yeast.2,4,10,33,34,40,69-73 We therefore examined how the addition of 
LCA to yeast cultured under CR on 0.2% glucose at different 
periods of chronological lifespan influences their resistance to 
each of these chronic stresses. We found that if added to growth 
medium on day 0, 1, 2 or 3, LCA increases for the remainder 

We found that if added to growth medium on day 0, 1 or 2, 
LCA reduces the frequency of spontaneous point mutations in 
the CAN1 gene of nDNA for the rest of the lifespan (Fig. 7). In 
contrast, LCA either does not influence (if added on day 3, 9, 
11 or 14) or increases for the remainder of the lifespan (if added 
on day 5 or 7) the frequency of these spontaneous point muta-
tions in nDNA (Fig. 7). Thus, LCA stimulates the maintenance 
of nDNA integrity, an essential longevity-extending process, only 
if added at period 1, which includes L and D growth phases; 
this effect of LCA persists long after the end of period 1. Our 
findings also suggest that the observed lifelong inhibitory effect 
of LCA on the maintenance of nDNA integrity if it is added at 
period 2 of yeast chronological lifespan (Fig. 7) could in part be 
responsible for the inability of LCA to extend yeast longevity if 
added at this period in PD phase (Figs. 1, 3 and 4). Furthermore, 
despite that LCA extends longevity of chronologically aging yeast 
if added at period 3, it does not influence the maintenance of 
nDNA integrity if added at this period during early ST phase 
(Fig. 7). Moreover, the observed lack of an effect of LCA on yeast 
longevity if added at period 4 of chronological lifespan (Figs. 1, 3 
and 4) coincides with the inability of this compound to alter the 
efficacy of the maintenance of nDNA integrity if added at this 
period in late ST phase (Fig. 7).

We also found that if added to growth medium on day 0, 1, 2, 
3, 5, 7, 9 or 11, LCA reduces for the rest of the lifespan (1) the fre-
quencies of spontaneous single-gene (mit- and syn-) and deletion 

Figure 4. There are several ways through which LCA could differentially influence some longevity-extending and longevity-shortening processes 
following its addition at different periods of yeast chronological lifespan. LCA could control these longevity-defining processes at certain checkpoints 
that may exist in L/D and early ST phases (periods 1 and 3, respectively). PD and late ST phases constitute periods 2 and 4, respectively. See text for 
details.
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chronic oxidative and thermal stresses if added at period 1, which 
exists in L and D phases. If added at period 3 (which includes 
early ST phase), LCA not only stimulates the development of 
resistance to chronic oxidative and thermal stresses for the rest 
of the lifespan, but also enhances a longevity-extending process 
of developing enduring resistance to chronic osmotic stress. If 
added at any of these two periods, LCA can extend longevity 
(Figs. 1, 3 and 4). Noteworthy, the observed lack of an effect of 
LCA on yeast longevity if added at period 2 or period 4 of chron-
ological lifespan (Figs. 1, 3 and 4) coincides with the inability of 

of the lifespan the resistance of yeast to chronic oxidative and 
thermal stresses, but does not alter cell susceptibility to chronic 
osmotic stress (Figs. 10, 11 and 12; Figs. S1–4). Moreover, LCA 
increases the resistance of yeast to all three chronic stresses if 
added to growth medium on day 7, 9 or 11; this effect of LCA 
persists long after its addition (Figs. 10–12; Figs. S1–4). In con-
trast, LCA does not alter cell susceptibility to any of these chronic 
stresses if added on day 5 or 14 (Figs. 10–12; Figs. S1–4).

Thus, in chronologically aging yeast, LCA stimulates a longev-
ity-extending process of the development of lifelong resistance to 

Figure 5. LCA reduces the susceptibility of yeast cells to mitochondria-controlled apoptotic death, a longevity-shortening process, only if added at 
period 1, 2 or 3 of chronological lifespan and for the rest of the lifespan. Wild-type yeast cells were cultured in YP medium initially containing 0.2% 
glucose, and LCA was added at the final concentration of 50 μM to a cell culture immediately following cell inoculation into the medium (on day 0) 
or on day 1, 2, 3, 5, 7, 9, 11 or 14 of cell culturing in this medium. The final concentration of DMSO in yeast cultures supplemented with LCA (and in the 
corresponding control cultures supplemented with compound vehicle) was 1% (v/v). Cell viability assay for monitoring the susceptibility of yeast to 
an apoptotic mode of cell death induced by a 2 h exposure to exogenous hydrogen peroxide was performed as described in “Materials and Methods.” 
Data are presented as mean ± SEM (n = 3–5); *p < 0.05 (relative to the % of alive cells in yeast cultures not exposed to LCA).
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unable to extend the mean or maximum chronological lifespan 
of yeast cultured under CR conditions if added at period 2 or 
4 in PD or late ST phase, respectively (Fig. 13). We also found 
that longevity of yeast cultivated under non-CR conditions can 
be extended by LCA only if it is added at period 1, but not follow-
ing its addition at period 2, 3 or 4.

Our analysis of how the addition of LCA to CR yeast at dif-
ferent periods of chronological lifespan influences several lon-
gevity-extending and longevity-shortening processes suggests 

this compound to alter cell susceptibility to any of these stresses 
at these two periods in PD and late ST phases, respectively.

Discussion

This study provides evidence that LCA, a bile acid, can extend 
longevity of CR yeast only if added at period 1 (which includes 
L and D growth phases) or period 3 (which exists in early ST 
phase) of chronological lifespan (Fig. 13). In contrast, LCA is 

Figure 6. LCA differentially influences the susceptibility of chronologically aging yeast to palmitoleic acid-induced necrotic cell death, a longevity-
shortening process, if added at different periods of lifespan. Wild-type yeast cells were cultured in YP medium initially containing 0.2% glucose, and 
LCA was added at the final concentration of 50 μM to a cell culture immediately following cell inoculation into the medium (on day 0) or on day 1, 2, 3, 
5, 7, 9, 11 or 14 of cell culturing in this medium. The final concentration of DMSO in yeast cultures supplemented with LCA (and in the corresponding 
control cultures supplemented with compound vehicle) was 1% (v/v). Cell viability assay for monitoring the susceptibility of yeast to a necrotic mode 
of cell death induced by a 2 h exposure to exogenous palmitoleic acid was performed as described in “Materials and Methods.” Data are presented as 
mean ± SEM (n = 4); *p < 0.05 (relative to the % of alive cells in yeast cultures not exposed to LCA).



©
20

12
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

3452	 Cell Cycle	 Volume 11 Issue 18

at this period does not cause a lifespan-shortening effect on 
any of the longevity-defining processes monitored in this study 
(Fig. 13). Furthermore, although the addition of LCA at period 
2 imposes a lifelong beneficial effect on two longevity-defining 
cellular process (i.e., it enhances cell resistance to mitochondria-
controlled apoptotic death and stimulates mitochondrial genome 
maintenance), the observed inability of the compound to extend 
longevity if added at this period of lifespan could be due to the 
two enduring longevity-shortening effects that LCA exhibits fol-
lowing its addition at period 2 (Fig. 13). These detrimental to 

a mechanism that may link the ability of LCA to increase the 
lifespan of CR yeast only if added at period 1 or 3 to its differ-
ential effects on a set of longevity-defining processes controlled 
at different lifespan periods monitored in this study (Fig. 13). In 
this mechanism, LCA added to CR yeast at period 1 increases 
chronological lifespan because (1) its addition at this period has 
a beneficial effect on six longevity-defining processes; (2)  the 
longevity-extending effect of LCA added at this period on each 
of these processes persists through the entire lifespan, long after 
this critical lifespan period ended and (3) the addition of LCA 

Figure 7. LCA differentially influences the maintenance of nDNA integrity, an essential longevity-extending process, if added at different periods of 
yeast lifespan. Wild-type yeast cells were cultured in YP medium initially containing 0.2% glucose, and LCA was added at the final concentration of 50 
μM to a cell culture immediately following cell inoculation into the medium (on day 0) or on day 1, 2, 3, 5, 7, 9, 11 or 14 of cell culturing in this medium. 
The final concentration of DMSO in yeast cultures supplemented with LCA (and in the corresponding control cultures supplemented with compound 
vehicle) was 1% (v/v). The frequency of spontaneous point mutations in the CAN1 gene of nDNA was measured as described in “Materials and Meth-
ods.” Data are presented as mean ± SEM (n = 3); *p < 0.05 (relative to the frequency of spontaneous point mutations in the CAN1 gene of nDNA in yeast 
cultures not exposed to LCA).
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of the longevity-defining processes that we monitored (Fig. 13). 
Moreover, the observed lack of an effect of LCA on a moni-
tored set of longevity-defining processes following its addition at 
period 4 may satisfactorily explain the inability of LCA to extend 
longevity if added at this lifespan period (Fig. 13).

Our model for a mechanism that may link the ability of LCA 
to increase the lifespan of CR yeast only if added at period 1 
or 3 to its differential effects on several longevity-defining pro-
cesses also foresees that LCA controls these processes at the 

longevity effects of LCA added at period 2 include a lifelong 
reduction of cell resistance to palmitoleic acid-induced necrotic 
death and a long-term decline of the efficacy with which the 
integrity of nuclear genome is maintained (Fig.  13). In the 
mechanism that we propose here, LCA added to CR yeast at 
period 3 increases chronological lifespan because (1) its addition 
at this period has a beneficial effect on five longevity-defining 
processes for the rest of the lifespan, and (2) the addition of LCA 
at this period does not cause a lifespan-shortening effect on any 

Figure 8. LCA differentially influences the maintenance of mtDNA integrity, an essential longevity-extending process, if added at different periods 
of yeast lifespan. Wild-type yeast cells were cultured in YP medium initially containing 0.2% glucose, and LCA was added at the final concentration 
of 50 μM to a cell culture immediately following cell inoculation into the medium (on day 0) or on day 1, 2, 3, 5, 7, 9, 11 or 14 of cell culturing in this 
medium. The final concentration of DMSO in yeast cultures supplemented with LCA (and in the corresponding control cultures supplemented with 
compound vehicle) was 1% (v/v). The frequencies of spontaneous single-gene (mit- and syn-) and deletion (rho- and rhoo) mutations in mtDNA, all 
causing a deficiency in mitochondrial respiration and impairing growth on glycerol, were measured as described in “Materials and Methods.” Data are 
presented as mean ± SEM (n = 5–6); *p < 0.05 (relative to the frequencies of spontaneous mit-, syn-, rho- and rhoo mutations in mtDNA in yeast cultures 
not exposed to LCA).
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resulting changes in the dynamics of individual modules consti-
tuting the network and in its general configuration are critically 
important for establishing the rate of cellular aging and, thus, 
define longevity.

Recent studies support the validity of the hypothesis proposed 
here on a stepwise progression of a biomolecular longevity network 
through a series of checkpoints, at each of which (1) some genetic, 
dietary and pharmacological anti-aging interventions modulate 
certain longevity-defining processes within modules comprising 
the longevity network, and (2) some checkpoint-specific master 

checkpoints A, B and C that exist in L/D (period 1), PD (period 
2) and early ST (period 3) phases, respectively (Fig. 13). It is 
conceivable that at each of these checkpoints LCA modulates the 
key set of longevity-defining cellular processes (modules) that 
comprise a biomolecular longevity network and are monitored by 
certain master regulators of the longevity control system. Based 
on the information gathered and processed by the master regula-
tors, they modulate certain longevity-defining processes within 
monitored modules of the longevity network in order to limit the 
age-related accumulation of molecular and cellular damage. The 

Figure 9. LCA differentially influences the maintenance of mtDNA integrity, an essential longevity-extending process, if added at different periods of 
yeast lifespan. Wild-type yeast cells were cultured in YP medium initially containing 0.2% glucose, and LCA was added at the final concentration of 50 
μM to a cell culture immediately following cell inoculation into the medium (on day 0) or on day 1, 2, 3, 5, 7, 9, 11 or 14 of cell culturing in this medium. 
The final concentration of DMSO in yeast cultures supplemented with LCA (and in the corresponding control cultures supplemented with compound 
vehicle) was 1% (v/v). The frequencies of spontaneous point mutations in the rib2 and rib3 loci of mtDNA were measured as described in “Materials and 
Methods.” Data are presented as mean ± SEM (n = 3–4); *p < 0.05 (relative to the frequencies of spontaneous rib2 and rib3 mutations in mtDNA in yeast 
cultures not exposed to LCA).
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mitochondrial membrane potential and increasing mitochon-
drial ROS production during L phase, a CR diet and some phar-
macological interventions extend longevity by causing changes in 
several longevity-defining processes during the subsequent D, PD 

regulators monitor and govern the functional states of these criti-
cal network modules.

Studies in chronologically aging yeast revealed that, by pro-
moting coupled respiration in mitochondria, elevating the 

Figure 10. Effect of LCA added at different periods of chronological lifespan on the ability of yeast to resist chronic oxidative stress. Wild-type yeast 
cells were cultured in YP medium initially containing 0.2% glucose, and LCA was added at the final concentration of 50 μM to a cell culture immedi-
ately following cell inoculation into the medium (on day 0) or on day 1, 2, 3, 5, 7, 9, 11 or 14 of cell culturing in this medium. The final concentration of 
DMSO in yeast cultures supplemented with LCA (and in the corresponding control cultures supplemented with compound vehicle) was 1% (v/v). Spot 
assays for monitoring oxidative stress resistance were performed as described in “Materials and Methods.” Serial 10-fold dilutions of cells were spotted 
on plates with solid YP medium containing 2% glucose as carbon source and 5 mM hydrogen peroxide. All pictures were taken after a 3-d incubation 
at 30°C.
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and lipid-induced necrotic death; (4) an attenuation of mitochon-
drial fragmentation; (5) a reduction in the mitochondrial mem-
brane potential and mitochondrial ROS production; (6) elevated 
stability of nuclear and mitochondrial genomes and (7) enhanced 
resistance to chronic oxidative and thermal stresses.10,33,74-77 It 

and ST phases. These changes include (1) increased intracellular 
levels of trehalose and glycogen, the two major glucose stores of 
yeast; (2) a remodeling of lipid metabolism in the endoplasmic 
reticulum, lipid bodies and peroxisomes; (3) reduced cell suscep-
tibility to age-related forms of mitochondria-controlled apoptotic 

Figure 11. Effect of LCA added at different periods of chronological lifespan on the ability of yeast to resist chronic thermal stress. Wild-type yeast cells 
were cultured in YP medium initially containing 0.2% glucose, and LCA was added at the final concentration of 50 μM to a cell culture immediately fol-
lowing cell inoculation into the medium (on day 0) or on day 1, 2, 3, 5, 7, 9, 11 or 14 of cell culturing in this medium. The final concentration of DMSO in 
yeast cultures supplemented with LCA (and in the corresponding control cultures supplemented with compound vehicle) was 1% (v/v). Spot assays for 
monitoring thermal stress resistance were performed as described in “Materials and Methods.” Serial 10-fold dilutions of cells were spotted on plates 
with solid YP medium containing 2% glucose as carbon source. Plates were initially incubated at 55°C for 30 min, and were then transferred to 30°C. All 
pictures were taken after a 3-d incubation at 30°C.
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intracellular level of trehalose defines longevity by modulat-
ing cellular proteostasis throughout lifespan.10,78 At one of these 
lifespan checkpoints in PD phase, trehalose operates as an anti-
aging compound that (1) stabilizes the native state of proteins 
and thereby reduces the formation of their aberrantly folded spe-
cies; (2) reduces the formation of insoluble protein aggregates 

seems that in chronologically aging yeast, TORC1 operates as 
one of the checkpoint-specific master regulators predicted by our 
hypothesis that at a checkpoint in L phase can monitor and gov-
ern a functional state of mitochondria.74-77

Furthermore, recent studies in chronologically aging 
yeast suggest the existence of two checkpoints at which the 

Figure 12. Effect of LCA added at different periods of chronological lifespan on the ability of yeast to resist chronic osmotic stress. Wild-type yeast 
cells were cultured in YP medium initially containing 0.2% glucose, and LCA was added at the final concentration of 50 μM to a cell culture immedi-
ately following cell inoculation into the medium (on day 0) or on day 1, 2, 3, 5, 7, 9, 11 or 14 of cell culturing in this medium. The final concentration of 
DMSO in yeast cultures supplemented with LCA (and in the corresponding control cultures supplemented with compound vehicle) was 1% (v/v). Spot 
assays for monitoring osmotic stress resistance were performed as described in “Materials and Methods.” Serial 10-fold dilutions of cells were spotted 
on plates with solid YP medium containing 2% glucose as carbon source and 1 M sorbitol. All pictures were taken after a 3-d incubation at 30°C.
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trehalose functions as a pro-aging compound that shields the 
contiguous exposed hydrophobic side chains of amino acids 
abundant in misfolded, partially folded and unfolded protein 
species. By competing with molecular chaperones for binding 
with these patches of hydrophobic amino acid residues, treha-
lose interferes with the essential longevity-extending process 

by shielding the contiguous exposed hydrophobic side chains 
of amino acids that are abundant in misfolded, partially folded 
and unfolded protein species and promote their aggregation 
and (3) protects cellular proteins from oxidative carbonylation 
by interacting with their carbonylation-prone misfolded and 
unfolded species.78 At another lifespan checkpoint in ST phase, 

Figure 13. A mechanism that may link the ability of LCA to extend longevity of CR yeast only if added at period 1 or 3 of chronological lifespan to the 
differential effects of this compound on certain longevity-extending and longevity-shortening processes controlled at different lifespan periods. LCA 
may control these longevity-defining processes at the checkpoints A, B and C that exist in L/D (period 1), PD (period 2) and early ST (period 3) phases, 
respectively. See text for details.
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Erlenmeyer flasks at a “flask volume/medium volume” ratio of 
5:1.

Chronological lifespan assay. A sample of cells was taken 
from a culture at a certain time-point. A fraction of the sample 
was diluted in order to determine the total number of cells using 
a hemacytometer (Fisher Scientific; #0267110). Another frac-
tion of the cell sample was diluted, and serial dilutions of cells 
were plated in duplicate onto YP plates containing 2% glucose 
as carbon source. After 2 d of incubation at 30°C, the number of 
colony-forming units (CFU) per plate was counted. The number 
of CFU was defined as the number of viable cells in a sample. 
For each culture, the percentage of viable cells was calculated 
as follows: (number of viable cells per ml/total number of cells 
per ml) × 100. The percentage of viable cells in mid-logarithmic 
phase was set at 100%. The lifespan curves were validated using 
a LIVE/DEAD yeast viability kit (Life Technologies/Invitrogen; 
#L-7009) following the manufacturer’s instructions.

Pharmacological manipulation of chronological lifespan. 
Chronological lifespan analysis was performed as described 
above in this section. The lithocholic (LCA) (#L6250) bile acid 
was from Sigma. The stock solution of LCA in DMSO was made 
on the day of adding this compound to cell cultures. LCA was 
added to growth medium at the final concentration of 50 μM 
immediately following cell inoculation into the medium or on 
days 1, 2, 3, 5, 7, 9, 11 or 14 of cell culturing in the medium, as 
indicated. The final concentration of DMSO in yeast cultures 
supplemented with LCA (and in the corresponding control cul-
tures supplemented with drug vehicle) was 1% (v/v).

Cell viability assay for monitoring the susceptibility of yeast 
to an apoptotic mode of cell death induced by hydrogen per-
oxide. A sample of cells was taken from a culture at a certain 
time-point. A fraction of the sample was diluted in order to deter-
mine the total number of cells using a hemacytometer. Two × 107 
cells were harvested by centrifugation for 1 min at 21,000 × g at 
room temperature and resuspended in 2 ml of YP medium con-
taining 0.2% glucose as carbon source. Each cell suspension was 
divided into two equal aliquots. One aliquot was supplemented 
with hydrogen peroxide (Fisher Scientific; #H325–500) to the 
final concentration of 2.5 mM, whereas other aliquot remained 
untreated. Both aliquots were then incubated for 2 h at 30°C 
on a Labquake rotator (Thermolyne/Barnstead International; 
#400110) set for 360° rotation. Serial dilutions of cells were 
plated in duplicate onto plates containing YP medium with 2% 
glucose as carbon source. After 2 d of incubation at 30°C, the 
number of colony-forming units (CFU) per plate was counted. 
The number of CFU was defined as the number of viable cells in 
a sample. For each aliquot of cells exposed to hydrogen peroxide, 
the percent of viable cells was calculated as follows: (number of 
viable cells per ml in the aliquot exposed to hydrogen peroxide/
number of viable cells per ml in the control aliquot that was not 
exposed to hydrogen peroxide) × 100.

Cell viability assay for monitoring the susceptibility of yeast 
to a necrotic mode of cell death induced by palmitoleic acid. A 
sample of cells was taken from a culture at a certain time-point. 
A fraction of the sample was diluted in order to determine the 
total number of cells using a hemacytometer. Two × 107 cells 

of chaperone-assisted refolding of aberrantly folded protein 
species.78

Moreover, as it has been mentioned in the “Introduction” sec-
tion, studies in the nematode C. elegans provided evidence that 
UBL-5/DVE-1, DAF-16 and PHA-4 operate as the checkpoint-
specific master regulators of longevity by governing progression 
through the three consecutive checkpoints operating during the 
L3/L4 larval stage of development, early adulthood and late 
adulthood, respectively.21-28

Taken together, these findings support the view that aging in 
organisms across phyla is the final step of a developmental pro-
gram whose progression through several lifespan checkpoints in 
a genotype-specific fashion is modulated by environmental cues 
(such as caloric and dietary intake, environmental stresses, endo-
crine factors, etc.) and is both monitored and governed by an 
evolutionarily conserved set of checkpoint-specific master regula-
tors. Other data supporting this view have been comprehensively 
discussed elsewhere.10,35,54,78-85

The major challenge now is to get a greater insight into mech-
anisms that in chronologically aging yeast underly (1) a stepwise 
progression of the biomolecular longevity network through a 
series of checkpoints; (2) a modulation of various longevity-
defining processes comprising the longevity network by genetic, 
dietary and pharmacological anti-aging interventions adminis-
tered at different checkpoints and (3) a monitoring of these lon-
gevity-defining processes at each checkpoint by specific master 
regulators. To address this challenge, several important questions 
need to be answered. How will genetic, dietary and pharmaco-
logical anti-aging interventions known to directly target specific 
longevity-extending or longevity-shortening processes alter the 
age-related dynamics of changes in the proteomes, lipidomes 
and metabolomes of chronologically aging yeast? How will these 
interventions affect the chronology of other longevity-defining 
processes that comprise the longevity network but are known not 
to be directly modulated by these interventions? How will genetic 
and pharmacological anti-aging interventions that specifically 
modulate the functional states of several currently known master 
regulators of yeast longevity influence a timeline of changes in the 
proteomes, lipidomes and metabolomes of chronologically aging 
yeast and what will be their effects on the age-related dynamics 
of various longevity-defining processes comprising the longevity 
network? We shall have to answer these important questions if we 
want to understand the complexity of the biomolecular network 
whose progression through a series of checkpoints is modulated 
by various environmental cues and is governed by checkpoint-
specific master regulators.

Materials and Methods

Strains and media. The wild-type strain Saccharomyces cerevi-
siae BY4742 (MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0) (Thermo 
Scientific/Open Biosystems; #YSC1054) was grown in YP 
medium (1% yeast extract, 2% peptone) (Fisher Scientific; 
#BP1422–2 and #BP1420–2, respectively) containing 0.2% or 
2% glucose (Fisher Scientific; #D16–10) as carbon source. Cells 
were cultured at 30°C with rotational shaking at 200 rpm in 
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different phases of growth were plated in triplicate onto YP plates 
containing either 2% glucose or 3% glycerol (Fisher Scientific; 
#BP229–4) as carbon source. Plates were incubated at 30°C. The 
number of CFU on YP plates containing 2% glucose was counted 
after 2 d of incubation, whereas the number of CFU on YP plates 
containing 3% glycerol was counted after 6 d of incubation. For 
each culture, the percentage of respiratory-deficient (mit-, syn-, 
rho-, rhoo and pet-) cells was calculated as follows: 100 - [(number 
of CFU per ml on YP plates containing 3% glycerol/number of 
CFU per ml on YP plates containing 2% glucose) × 100].

The frequency of spontaneous point mutations in the rib2 and 
rib3 loci of mtDNA was evaluated by measuring the frequency of 
mtDNA mutations that caused resistance to the antibiotic eryth-
romycin.10 These mutations impair only mtDNA.10 A sample of 
cells was removed from each culture at various time-points. Cells 
were plated in triplicate onto YP plates containing 3% glycerol 
and erythromycin (1 mg/ml) (Acros Organics; #227330050). 
In addition, serial dilutions of each sample were plated in tripli-
cate onto YP plates containing 3% glycerol as carbon source for 
measuring the number of respiratory-competent (rho+) cells. The 
number of CFU was counted after 6 d of incubation at 30°C. For 
each culture, the frequency of mutations that caused resistance to 
erythromycin was calculated as follows: number of CFU per ml 
on YP plates containing 3% glycerol and erythromycin/number 
of CFU per ml on YP plates containing 3% glycerol.

Plating assays for the analysis of resistance to various 
stresses. For the analysis of hydrogen peroxide (oxidative stress) 
resistance, serial dilutions (1:100 to 1:105) of cells removed from 
each culture at various time-points were spotted onto two sets of 
plates. One set of plates contained YP medium with 2% glucose 
alone, whereas the other set contained YP medium with 2% glu-
cose supplemented with 5 mM hydrogen peroxide. Pictures were 
taken after a 3-d incubation at 30°C.

For the analysis of thermal stress resistance, serial dilutions 
(1:100 to 1:105) of wild-type and mutant cells removed from each 
culture at various time-points were spotted onto two sets of plates 
containing YP medium with 2% glucose. One set of plates was 
incubated at 30°C. The other set of plates was initially incubated 
at 55°C for 30 min, and was then transferred to 30°C. Pictures 
were taken after a 3-d incubation at 30°C.

For the analysis of osmotic stress resistance, serial dilutions 
(1:100 to 1:105) of wild-type and mutant cells removed from 
each culture at various time-points were spotted onto two sets of 
plates. One set of plates contained YP medium with 2% glucose 
alone, whereas the other set contained YP medium with 2% glu-
cose supplemented with 1 M sorbitol (Sigma; S6021). Pictures 
were taken after a 3-d incubation at 30°C.

Statistical analysis. Statistical analysis was performed using 
Microsoft Excel’s (2010) Analysis ToolPack-VBA. All data are 
presented as mean ± SEM. The p values were calculated using an 
unpaired two-tailed t-test.

Disclosure of Potential Conflicts of Interest
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were harvested by centrifugation for 1 min at 21,000 × g at room 
temperature and resuspended in 2 ml of YP medium contain-
ing 0.2% glucose as carbon source. Each cell suspension was 
divided into two equal aliquots. One aliquot was supplemented 
with palmitoleic acid (Sigma; #P9417) from a 50 mM stock solu-
tion (in 10% chloroform, 45% hexane and 45% ethanol) (Sigma; 
#650498, #248878 and #34852, respectively); the final concen-
tration of palmitoleic acid was 0.15 mM (in 0.03% chloroform, 
0.135% hexane and 0.135% ethanol). The other aliquot was 
supplemented with chloroform, hexane and ethanol added to the 
final concentrations of 0.03%, 0.135% and 0.135%, respectively. 
Both aliquots were then incubated for 2 h at 30°C on a Labquake 
rotator set for 360° rotation. Serial dilutions of cells were plated 
in duplicate onto plates containing YP medium with 2% glucose 
as carbon source. After 2 d of incubation at 30°C, the number of 
colony-forming units (CFU) per plate was counted. The number 
of CFU was defined as the number of viable cells in a sample. For 
each aliquot of cells exposed to palmitoleic acid, the percent of 
viable cells was calculated as follows: (number of viable cells per 
ml in the aliquot exposed to palmitoleic acid/number of viable 
cells per ml in the control aliquot that was not exposed to palmi-
toleic acid) × 100.

Measurement of the frequency of nuclear mutations. The 
frequency of spontaneous point mutations in the CAN1 gene of 
nuclear DNA was evaluated by measuring the frequency of muta-
tions that caused resistance to the antibiotic canavanine.10 A sam-
ple of cells was removed from each culture at various time-points. 
Cells were plated in triplicate onto YNB [0.67% yeast nitrogen 
base without amino acids (Fisher Scientific; #DF0919153)] plates 
containing 2% glucose and supplemented with L-canavanine 
(50 mg/L), histidine, leucine, lysine and uracil (Sigma; #C1625, 
#H8125, #L8912, #L5751 and #U0750, respectively). In addi-
tion, serial dilutions of each sample were plated in triplicate onto 
YP plates containing 2% glucose for measuring the number of 
viable cells. The number of CFU was counted after 4 d of incu-
bation at 30°C. For each culture, the frequency of mutations 
that caused resistance to canavanine was calculated as follows: 
number of CFU per ml on YNB plates containing 2% glucose, 
L-canavanine (50 mg/L), histidine, leucine, lysine and uracil/
number of CFU per ml on YP plates containing 2% glucose.
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